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http://dxObjective: The purpose of this study was to evaluate alterations in flow patterns in thoracic aortic dissections
using 4-dimensional, flow-sensitive magnetic resonance imaging.
Methods: This prospective study was conducted at 2 academic tertiary referral medical centers. Thirteen
4-dimensional flow magnetic resonance imaging studies were performed in 12 subjects (4 female, aged
25-71 years) with thoracic aortic dissection using 3.0T clinical scanners. Qualitative assessment of flow patterns
in the true and false lumina was performed in consensus by 3 cardiovascular radiologists. Quantitative analysis
included measurement of net flow, retrograde flow, peak flow, and time-to-peak flow in the true and false lumina
in the ascending aorta, aortic arch, and descending aorta. Differences in flow through the true and false lumina at
each analysis plane were compared with the 2-tailed, paired Student t test.
Results: Flow patterns were significantly altered in association with different extents of disease, vessel dilata-
tion, and post-therapeutic anatomy. Total flow per cardiac cycle and peak flowwere higher in the true lumen than
in the false lumen (P<.01). Retrograde flow was less in the true lumen than in the false lumen (P .01). Time-
to-peak flow in the true lumen occurred later than in the false lumen (P ¼ .05-.08).
Conclusions: Four-dimensional, flow-sensitive magnetic resonance imaging at 3.0T provided qualitative and
quantitative information on alterations of aortic flow in patients with thoracic aortic dissection. Future applica-
tion of this magnetic resonance flow methodology may help provide insights into the pathophysiology and ef-
fects of flow alterations and establish prognostic indicators for the development of complications or aneurysm
growth in patients with aortic dissection. (J Thorac Cardiovasc Surg 2013;145:1359-66)T
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SThoracic aortic dissections are a life-threatening condition
with an estimated 10-year survival of 35% to 75%. How-
ever, there are striking differences in outcomes between
patients with complicated and uncomplicated dissection.
Common risk factors, conditions, and stratified outcomes
associated with aortic dissection have been published by
the International Registry of Acute Aortic Dissection.1-4
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Esurgical repair of the ascending aorta is required. If the
ascending aorta is not affected (DeBakey III; Stanford
type B),5,6 uncomplicated cases can usually be initially
managed with medical therapy.7 When type A dissections
extend into the descending thoracic aorta, the residual dis-
section affecting the arch and descending aorta is typically
managed medically if it is uncomplicated. Patients with re-
paired type A and B dissections treated medically require
frequent follow-up imaging to monitor for development of
complications. These complications include aortic aneu-
rysm growth, rupture, end-organ malperfusion, persistent
severe pain, and refractory hypertension. Unfortunately,
up to 30% of patients with type B dissections initially man-
aged with antihypertensive medication will eventually re-
quire intervention,8 with the majority of these procedures
performed during the first year of follow-up. The capability
to accurately predict which patients will develop compli-
cated aortic dissection could transform clinical manage-
ment by allowing earlier treatment before irreversible
end-organ ischemia or frank aortic rupture.
However, data on parameters (clinical or imaging find-
ings) that can be used to help predict the risk of complica-
tions after initial management are limited. Imaging
features that have been associated with a poorer prognosis
include partial thrombosis of the false lumen (FL), athero-
sclerosis, and aortic aneurysm.3 Our current understanding
is limited with respect to the progression and time course ofdiovascular Surgery c Volume 145, Number 5 1359
Abbreviations and Acronyms
FL ¼ false lumen
4D ¼ 4-dimensional
MR ¼ magnetic resonance
MRI ¼ magnetic resonance imaging
PC ¼ phase contrast
3D ¼ 3-dimensional
TL ¼ true lumen
2D ¼ 2-dimensional
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Schronic dissections. Of note, there are no markers or hemo-
dynamic studies that help to predict the clinical behavior of
acute and chronic dissections.
Previous studies using echocardiography9 and
2-dimensional (2D) phase contrast (PC) magnetic resonance
imaging (MRI)10-12 have shown differences in the flow
patterns in the true lumen (TL) and FL. Data from these
studies suggest that differences in flow patterns and flow
hemodynamics may be important in predicting acute
complications and determining the outcomes of chronic
dissections. However, these techniques had only limited
coverage of the aorta and are limited to imaging a single
2D plane. Recently improved Cartesian13 and radial14
4-dimensional (4D) flow-sensitive velocity mapping tech-
niques (4D flow MRI) have been used for the evaluation
of flow patterns with a larger, volumetric field of view. The
purpose of this study was to qualitatively and quantitatively
assess the flow in patients with thoracic aortic dissection at
2 centers using 4D flow MRI.MATERIALS AND METHODS
Studies were performed according to protocols approved by the re-
view boards of each institution. Individually identifiable health informa-
tion was protected according to Health Insurance Portability and
Accountability Act regulations. Patients were recruited when referred
for imaging of aortic dissection. Ten subjects were recruited from the
University of Wisconsin–Madison, and 2 subjects were recruited from
University Hospital Freiburg. Subject demographics are summarized
in Table 1.
Magnetic Resonance Acquisition
University of Wisconsin–Madison. Ten subjects were enrolled
(aged 51 18 years and weighing 63.4 14.0 kg; 6 male and 4 female). In
these 10 subjects, a total of 11 magnetic resonance (MR) examinations
were performed. One subject was imaged twice after a time interval of 8
months (Table 1). Scan 1 (subject 5) was performed after type A dissection
treated by a Bentall procedure. The subject was imaged again (subject 11)
before treatment of an enlarging thoracoabdominal aortic aneurysm.
Therefore, the second scan was considered independently. MRI studies
were performed on a clinical 3.0T scanner (TRIO, Siemens Healthcare, Er-
langen, Germany) with an 8-channel, phased-array body coil. 4D flowMRI
was performed with a referenced, 4-point, Cartesian PC sequence with ve-
locity encoding in all 3 spatial directions. Prospective electrocardiogram
gating and adaptive navigator gating (crossed pair navigators monitoring
the position of the diaphragm) for compensation of breathing motion led1360 The Journal of Thoracic and Cardiovascular Surto imaging times of 12 to 18 minutes.13 Sequence parameters were adapted
to each individual’s anatomy: field of view ¼ 210 to 260 3 320 to 400
mm2; matrix ¼ 74 to 88 3 192; repetition time ¼ 6.1 ms; echo
time ¼ 3.7 ms; flip angle ¼ 15 degrees; velocity encoding ¼ 150 cm/s.
The temporal resolution was 48.8 ms. Data processing included intrinsic
corrections for Maxwell terms, eddy currents, and velocity aliasing (4
cases). In one of the examinations with aliasing, residual aliasing could
not be removed entirely. In 9 of 11 examinations, 4D flow MRI was per-
formed after the administration of intravenous gadobenate dimeglumine
(Bracco Diagnostics, Princeton, NJ) at 0.1 mmol/kg body weight, given
for clinical purposes.
University Hospital Freiburg. Two male subjects were enrolled
(aged 40 and 50 years and weighing 72.6 and 137.4 kg). Studies were ac-
quired at 3.0T (MR750, GE Healthcare, Waukesha, Wis) with a 32-
channel, phased-array body coil (NeoCoil, Pewaukee, Wis). 4D flow
MRI was performed using a 5-point15 balanced 3-directional velocity en-
coding sequence with PC vastly undersampled isotropic projection recon-
struction.14 By using retrospective electrocardiogram gating and adaptive
navigator gating for compensation of breathing motion, scan times were
9 to 14 minutes. Sequence parameters were adapted to each individual’s
anatomy: field of view¼ 320 to 360 mm3; matrix¼ 2563; resulting isotro-
pic spatial resolution 1.25 to 1.4 mm3, repetition time ¼ 6.2 ms; echo
time ¼ 2.1 ms; flip angle ¼ 10 degrees; velocity encoding ¼ 150 to 250
cm/s. Data with a nominal temporal resolution of 4 3 repetition time
(24.8-40.4 ms) were reconstructed to 20 time frames to limit the data vol-
ume for facilitated handling. Data processing included intrinsic corrections
for Maxwell terms and eddy currents. In both cases, 4D flowMRI was per-
formed after the administration of intravenous gadobenate dimeglumine
(Bracco Diagnostics) at 0.1 mmol/kg bodyweight, given for clinical
purposes.Image Processing
A velocity-weighted MR angiogram was calculated and noise masking
was performed with MatLab-based, home-built software (The MathWorks,
Inc, Natick, Mass). Data were then converted for visualization with En-
Sight (CEI, Apex, NC). A shaded surface display was created on the basis
of the MR angiogram. Four analysis planes transecting the aortic lumen or-
thogonal to the anticipated main flow direction were manually placed
(Figure 1) in the (1) ascending aorta, (2) proximal arch, (3) distal aortic
arch, and (4) descending aorta to the caudal-most extent of the imaged vol-
ume. This defined 4 segments of the aorta (analysis plane 1-2: segment a;
analysis plane 2-3, segment b; analysis plane 3-4, segment c; analysis plane
4 downstream to the end of the covered data volume, segment d). The 4
planes were used to emit 3-dimensional (3D) time-resolved particle traces
and 3D streamlines (Figures 1 and 2). Although it was not recorded, the
amount of time to perform the post-processing of the data from the time
of image acquisition to generation of streamlines and particle traces is ap-
proximately 45 to 60minutes when performed by a trained and experienced
user of the software.Qualitative Analysis
Streamlines and particle traces were viewed dynamically and rotated or
magnified for inspection in any chosen orientation such that all readers
could take advantage of the full 3D and time-resolved nature of the data
(EnLiten; CEI Software, Apex, NC). 4D flow MRI datasets were reviewed
in a consensus reading with 3 cardiovascular radiologists, 2 with long-
standing experience with hemodynamic analyses. 4D flow MRI datasets
were not reviewed independently. During image analysis, clinically per-
formed computed tomography and additional contrast-enhanced MR angi-
ography scans were available for confirmation of findings. The
segmentation and visualization quality were visually determined on a
4-point Likert scale (0 ¼ poor, 1 ¼ okay, 2 ¼ good, 3 ¼ excellent). All 4
(a-d) segments were evaluated for helicity (presence, direction) and signsgery c May 2013
TABLE 1. Subject demographics
Subject
Age at
4D flow
MRI Gender Diagnosis Extent
FL
thrombosis Procedure
MRI before
or after
procedure
Time
between
procedure
and MRI
1 26 y M Type A dissection Arch None Bentall procedure After 1 mo
2 52 y M TAAA after type
B dissection
Arch to renal arteries Partial TEVAR Before 1 mo
3 69 y M Type A dissection Arch to LCIA and RCIA None Open AAo repair After 1 mo
4 71 y M Traumatic type
A dissection
Distal arch to LCIA, REIA None Open repair for newly developed
TAA
After 10 mo
5* 25 y M Type A dissection,
Marfan syndrome
Proximal arch to aorta
bifurcation
None Bentall procedure, open repair for
newly developed TAAA
Before 1 mo
6 71 y F Type A dissection Proximal arch to LCIA Partial Open valve-sparing AAo
replacement
After 5 y
7 51 y F Type A dissection,
Marfan syndrome
Proximal descending to
mid-infrarenal aorta
Partial Open valve-sparing AAo
replacement
After 18 y
8 61 y F Type A dissection Proximal arch to LRA Partial Open valve-sparing AAo
replacement
After 6 y
9 59 y M Type A dissection Distal arch to LCIA, REIA None Open valve-sparing AAo
replacement, arch
reconstruction
After 3 y
10 50 y F Type A dissection Proximal arch to mid
infrarenal aorta
None Open valve-sparing AAo
replacement
After 5 mo
11* 26 y M Type A dissection,
Marfan
Proximal arch to mid
descending aorta
None Bentall procedure, prior open
TAAA repair
After 7 mo
12 40 y M Type B dissection Distal arch to diaphragm Partial Open repair for recurrent
symptoms while on medical
therapy
Before 1 d
13 51 y M Type A dissection,
bicuspid aortic
valve
Proximal arch to LEIA, REIA None Bentall procedure After 24 mo
4D, 4-dimensional; MRI, magnetic resonance imaging; FL, false lumen; TAAA, thoracoabdominal aortic aneurysm; TEVAR, thoracic endovascular aneurysm repair; LCIA, left
common iliac artery; RCIA, right common iliac artery; AAo, ascending aorta; REIA, right external iliac artery; TAA, thoracic aortic aneurysm; LRA, left renal artery; LEIA, left
external iliac artery. The Bentall procedure includes composite graft replacement of the aortic valve, aortic root, and ascending aorta with reimplantation of the coronary arteries.
*Subjects 5 and 11 are the same patient scanned on 2 separate occasions.
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Sof disturbed particle traces or streamlines (eg, additional helical and vorti-
cal flow patterns). For each analysis plane (1-4) and segment (a-d), the pres-
ence or absence of a TL and an FL was denoted. Segments that partially
covered a dissection were counted as dissected. For all segments, the veloc-
ity of flows in TL and FL was compared on the basis of streamlines colorFIGURE 1. A 62-year-old womanwith repaired type A aortic dissection. Surfac
aorta, (2) proximal arch, (3) distal arch, and (4) mid-descending aorta, used for
planes and within 4 regions were evaluated: between planes 1 and 2, between p
visualization during early, mid, and late systole revealed early backward flow (o
true lumen; FL, false lumen.
The Journal of Thoracic and Carcoded to the absolutely measured velocities and recorded as faster or
equally fast during maximum systole and early diastole. In addition, the
presence of retrograde flow (0¼ no, 1¼minor, 2¼major) and its principal
orientation (straight/laminar vs vortical/disturbed) and timing of FL retro-
grade flow were evaluated.e-shaded display demonstrating locations of cut planes (1) in the ascending
emitting particle traces and streamlines. Flow patterns at each of these cut
lanes 2 and 3, between planes 3 and 4, and distal to plane 4. Particle trace
pen arrow) in the FL. AAO, Ascending aorta; DAO, descending aorta; TL,
diovascular Surgery c Volume 145, Number 5 1361
FIGURE 2. A 69-year-old man with repaired type A aortic dissection. Color-coded streamline visualization during (A) mid-systole, (B) late systole, and
(C) early diastole shows the differences in flow patterns in the TL and FL. TL, True lumen; FL, false lumen.
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SQuantitative Analysis
Quantitative flow analysis was performed with a previously described
MatLab-based home-built software (The MathWorks, Inc).16 At each anal-
ysis plane, the aorta was segmented manually at each time frame. For anal-
ysis planes containing dissection, the TL and FL were segmented
separately. Net flow, retrograde flow, peak flow, and time-to-peak flow
were measured at each of the analysis planes.
Statistical Analysis
For statistical analysis, the differences in each of the flow parameters
through theTLandFLat each locationwere considered separately.A2-tailed,
paired Student t test was used to assess statistical significance. This small
study was conducted as a hypothesis-generating, rather than confirmatory,
study. Qualitative datawere used for descriptive purposes only. The statistical
analysis was conducted in Excel 2007 (Microsoft Corp, Redmond, Wash).
RESULTS
Qualitative Analysis
Image quality of 4D flowMRI studies was good (2/13) to
excellent (11/13) in all cases. The small numbers of volun-
teers enrolled at the University Hospital Freiburg, the lackFIGURE 3. A 51-year-old man with chronic repaired type A aortic dissection.
flow through the FL relative to the TL, as also seen on 2 subtracted maximum i
enhanced MRA. TL, True lumen; FL, false lumen.
1362 The Journal of Thoracic and Cardiovascular Surof a cross-over comparison, and overall high-quality scores
did not allow for an in-depth comparison of the techniques
used at both institutions.
TheTLandFLcouldbedifferentiated in 11 of13 studies on
the basis of thepresenceof slowerflow in theFL than in theTL
(Figures2 and3).The2other subjects presentedwith large an-
eurysms and high flow velocities such that a chronic, fenes-
trated dissection with aneurysm formation was assumed.
Although thedissectioncould beclearly identifiedon thebasis
of differences in flow velocities in the TL and FL, the stream-
lines andparticle traces did not completely fill theFL through-
out the cardiac cycle in 12 of 13 of the studies (Figure 2).
Helicity, defined as corkscrew-like motion of the particle
traces and streamlines, was present in 36 of 52 segments.We
observed a tendency toward physiologic left-handed helicity
in segment A (8/13) shifted toward right-handed flow in seg-
ments B and C (B: 11/13, C: 10/13) to nondiscernible helic-
ity in segment D (10/13). A total of 25 additional vortices
(Figures 4 and 5) and helices were seen in 11 of 13 studies.A, Color-coded streamline visualization during mid-systole revealing slow
ntensity projection images (B and C) acquired with time-resolved contrast-
gery c May 2013
FIGURE 4. A 40-year-old man with acute type B aortic dissection. A, Color-coded streamline visualization during mid-systole showing flow acceleration
(open arrow) in the proximal descending aorta. A large amount of the flow in the proximal descending thoracic aorta is directed into the FL through a large
intimal tear, seen on an axial computed tomography angiography image at the level indicated by the dashed line (B, arrow). The flow into the FL is char-
acterized by a large vortex (A, closed arrow) that results in primarily retrograde flow in the FL, as also seen on 2 subtracted maximum intensity projection
images (C and D, closed arrows) acquired with time-resolved, contrast-enhanced MRA. The maximum intensity projection images (C and D) also confirm
the presence of a severe narrowing in the proximal descending thoracic aorta (open arrows), which is the source of the flow acceleration observed with 4D
MR velocity mapping (A).
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SDissections were observed in 44 of 52 analysis planes and
34 of 52 segments. Retrograde flow was present on 41 of 52
analysis planes of the nondissected or TL and 20 of 22 anal-
ysis planes of the FL. In the TL, retrograde flow was judged
strong in 12 of 41 and normal in 29 of 41 analysis planes.
The retrograde flow in the TL was predominantly vortical
in 25 of 41 and laminar in 16 of 41 analysis planes. In the
FL, retrograde flow was laminar in 9 of 20 analysis planes
compared with predominantly vortical in 11 of 20 analysis
planes. Of note, retrograde flow in the FL occurred earlier
than in the TL in 14 of 20 analysis planes (Figure 1). For
both maximum systolic time frame and early diastole, the
flow in the TL was earlier (27/34) or occurred at the same
time (7/34) compared with the FL.Quantitative Analysis
The results of the quantitative analysis of flow at each of
the analysis planes are summarized in Table 2. Total flow
per cardiac cycle and peak flow briefly were higher in theThe Journal of Thoracic and CarTL than in the FL (P< .01). Retrograde flow was less in
the TL than in the FL (P  .01). Time to peak flow in the
TL occurred later than in the FL (P ¼ .05-.08).DISCUSSION
We have demonstrated the feasibility of performing qual-
itative and quantitative analysis of the alterations in flow in
the TL and FL of thoracic aortic dissections using 4D flow
MRI. We demonstrated the feasibility of acquiring similar
information on flow dynamics in aortic dissections at 2 in-
stitutions using Cartesian and non-Cartesian 4D flow MRI
techniques. A major advantage of using 4D flowMRI, com-
pared with 2D flow MRI, is that the entire thoracic aorta is
imaged in a single acquisition. These acquisitions are rea-
sonable in length and easily integrated with routine clinical
MRI studies.
In this study, flow in the TL was primarily laminar, as re-
ported in previous studies performed with Doppler echocar-
diography17 and 2D PC MRI.10,11 Of note, we founddiovascular Surgery c Volume 145, Number 5 1363
FIGURE 5. A 26-year-old man with prior type A aortic dissection repair. Streamline visualization (A) and time-resolved particle traces in the proximal
aortic arch (B) show vortical flow patterns (arrows) in the residual FL, proximal to the origin of the brachiocephalic artery. C, Axial image from computed
tomography angiography showing relationship of TL, FL, and intimal flap (open arrow). BCA, Brachiocephalic artery; LCCA, left common carotid artery;
LSCA, left subclavian artery; TL, true lumen; FL, false lumen; DAo, descending aorta.
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Sa relatively high number of vortical streamline and particle
path patterns in both TL and FL. This is in distinction to the
normal aortic flow patterns in aortic dissection reported
previously.18,19 Likewise, the number of macroscopically
described vortices is lower than the high percentage of in-
plane rotational velocities noted by Hope and colleagues13
in ascending aorta aneurysms.
The presence of complex, abnormal flow patterns in the
FL is concordant with the nonlaminar flow patterns ob-
served by Mohr-Kahaly and colleagues17 with Doppler
and the spectral broadening with 2D PC reported by Strot-
zer and colleagues.10 The ability to derive secondary bio-
markers such as Reynolds’ numbers20 or wall shear forces
from the acquired 4D velocity field could provide the basis
for translating such biomechanical markers into clinical
practice. These new features derived from 4D flow imagingTABLE 2. Quantitative flow analysis through ascending aorta, aortic arch
Ascending
aorta
Aortic arch
TL FL
Flow 67  19 mL/beat 35  12 mL/beat 37  12 mL/beat* 35 
Retrograde
flow
7%  4% 7%  7% 5%  8%* 3% 
Peak flow 380  82 mL/s 185  59 mL/s 185  50 mL/s* 170 
TTP flow
volume
126  27 ms 160  33 ms 168  48 msy 172 
TL, True lumen; FL, false lumen; TTP, time to peak. *P<.05. yP ¼ .064. zP ¼ .077.
1364 The Journal of Thoracic and Cardiovascular Surmay help provide a better predictor for long-term follow-up
and possible complications.21
The frequency of systolic backward flow in the FL in this
study was more frequent than that reported by Strotzer and
colleagues,10 most likely because of differences in patient
populations. Alternatively, this could be related to the fact
that we evaluated the entire thoracic aorta with 4D flow
MRI, rather than a single 2D plane in the distal descending
thoracic aorta at the level of the diaphragm. The presence of
systolic retrograde flow in the FL in the more cephalad de-
scending thoracic aorta may be due to the early reflection of
the pulse wave in the FL from the obstructed more caudal
aorta. The presence of retrograde flow during systole in
the FL also may be indicative of distal reentry pathways
at the distal end of the FL with higher pressure in the distal
aorta and distal FL causing relative compression of those, and descending aorta
Descending aorta 1 Descending aorta 2
TL FL TL FL
8 mL/beat 4  8 mL/beat* 35  8 mL/beat 7  11 mL/beat*
4% 42%  24%* 3%  4% 29%  26%*
70 mL/s 64  41 mL/s* 170  70 mL/s 73  52 mL/s*
54 ms 127  42 msz 172  54 ms 133  49 ms*
gery c May 2013
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Sportions of the TL with lower pressure. Dynamic obstruc-
tion due to pressure-dependent movement of the intimal
flap can cause transient obstruction of flow through the TL
during systole.10,22 Further extending the craniocaudal field
of view, to include the entire thoracic and abdominal aorta,
may help elucidate these potential causes. Identifying and
validating imaging biomarkers of impending dynamic TL
obstruction would have significant clinical application.
Likewise, many have sought to identify morphologic
predictors of subsequent aortic aneurysm, and it seems
likely that incorporating hemodynamic parameters
obtained with 4D flow MRI will improve predictions.23-25
Increasing the craniocaudal extension of the 4D flow
MRI acquisition to include the mesenteric and renal arteries
alsowould enable an assessment of the relative flow to these
vessels and relative contributions from the TL and FL. Al-
though these techniques have not been validated for this
specific application, flow quantification with 4D flow MRI
techniques have been validated in flow phantoms, animal
models, and other vascular territories in humans.26
The lack of long-term follow-up data to determine the
prognostic significance of these alterations in flow patterns
is a limitation of this study, but was not part of its central
design. The single case in which a second scan was per-
formed is not sufficient for any generalization about the fea-
tures that could be predictive of future outcome.
Another limitation of this study is the lower signal in the
FL, which limited our analysis of the flow features in the FL
to systole and early diastole because the flow patterns in the
FL during late diastole could not be differentiated from
noise. Future work will focus on data acquisition strate-
gies15 with an increased velocity-encoding sensitivity spec-
trum to improve the measurement and visualization of
regions with low flow, such as the FL. This could then en-
able us to perform additional quantitative analyses in both
the TL and FL.
Although flow through large intimal tears was evident in
a minority of the cases, the spatial and temporal resolution
of the 4D flow MRI techniques used in this study are inad-
equate to evaluate flow across the small intimal tears
frequently encountered in chronic aortic dissection. How-
ever, it is not clear whether localization of these small inti-
mal tears is important in determining prognosis.
In this study, all 4D flow MRI acquisitions were per-
formed after the administration of gadolinium-based con-
trast agents because of the improved signal-to-noise ratio
for these types of sequences when performed after contrast
administration. However, the use of contrast material is
not necessary for these sequences to be used. In fact, 4D
flow MRI sequences are used for noncontrast-enhanced
MRA.27 Therefore, renal function would not be a contrain-
dication to the acquisition of this type of study. Patients with
contraindications to MRI in general would not be able to
undergo 4D flow MRI.The Journal of Thoracic and CarCONCLUSIONS
We have shown that it is possible to acquire similar 4D
flow MRI data using scanners from different manufacturers
and different acquisition techniques. This indicates that fu-
ture prospective studies investigating the prognostic impli-
cations of these alterations in flow can be performed at
multiple centers using different 4D flow MRI techniques.
Larger, multicenter studies also would be useful for further
investigating any potential impact of the inherent differ-
ences between Cartesian and non-Cartesian techniques, in-
cluding differences in coverage, spatial resolution, and
temporal resolution.
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